We present a theoretical model, based on a simple model of turbulent diffusion and first-order chemical kinetics, to determine air-parcel residence times and the out-ofcanopy export of reactive gases emitted within forest canopies under neutral conditions. Theoretical predictions of the air-parcel residence time are compared to values derived from large-eddy simulation for a range of canopy architectures and turbulence levels under neutral stratification. Median air-parcel residence times range from a few sec in the upper canopy to approximately 30 min near the ground and the distribution of residence times is skewed towards longer times in the lower canopy. While the predicted probability density functions from the theoretical model and large-eddy simulation are in good agreement with each other, the theoretical model requires only information on canopy height and eddy diffusivities inside the canopy. The eddy-diffusivity model developed additionally requires the friction velocity at canopy top and a parametrized profile of the standard deviation of vertical velocity. The theoretical model of air-parcel residence times is extended to include first-order chemical reactions over a range of of Damköhler numbers (Da) characteristic of plant-emitted hydrocarbons. The resulting out-of-canopy export fractions range from near 1 for Da = 10 −3 to less than 0.3 at Da = 10. These results highlight the necessity for dense and tall forests to include the impacts of air-parcel residence times when calculating the out-of-canopy export fraction for reactive trace gases.
Introduction
Forests cover large areas of the Earth's surface and play a key role in the exchange of momentum, energy, carbon dioxide, and reactive trace gases, such as biogenic volatile organic compounds (BVOCs). BVOCs principally include isoprene, monoterpenes, sesquiterpenes, and oxygenated species. BVOCs emitted into the canopy air space are subject to turbulent transport within forest canopies and undergo chemical reactions with atmospheric oxidants (e.g., Fuentes et al. 2000) . For compounds with higher reactivities, such as β-caryophyllene or many monoterpenes, chemical lifetimes are comparable to the turbulent transport time scale within forest canopies, leading to significant chemical destruction inside the canopy (e.g, Stroud et al. 2005; Fuentes et al. 2007; Jardine et al. 2011; Rinne et al. 2012) . Thus, estimates of within-canopy chemical reactions are needed when scaling leaf-level BVOC emissions to regional or global scales using numerical models such as the Model of Emissions of Gases and Aerosols from Nature (MEGAN; Guenther et al. 2006 Guenther et al. , 2012 . Similarly, the net export of BVOC reaction products from forest canopies should be considered. Hereafter, we refer to the ratio between the emission flux and the flux at the top of the canopy as the export fraction.
The problem of estimating the export fraction can be intuitively described in a Lagrangian framework. One can imagine an air parcel passing through the source of BVOC inside the forest, then following its trajectory determined by the turbulent eddies, and eventually leaving the forest. The total chemical loss between the two points (release location and top of the canopy) depends on the reaction time scale τ chem and the travel time inside the canopy τ turb , usually termed the air-parcel residence time (Strong et al. 2004 ). Thus, one can model the chemical loss and the export fraction (sometimes referred to as the flux-to-emission ratio) in terms of the canopy Damköhler number defined as Da ≡ τ turb /τ chem (Damköhler 1940) .
In devising a model for the export fraction, one needs to extend the information on ambient oxidant concentrations that react with BVOCs and associated kinetics into τ chem (e.g. Finlayson-Pitts 2000) , and the information on turbulence characteristics and transport within plant canopies into τ turb . The former is a difficult task given the complexity of the chemical reactions taking place inside the forest, and the latter is a difficult task due to the challenges in modelling turbulence in plant canopies (e.g. Finnigan 2000) . In the present study, we focus on the issues of defining and modelling τ turb , and we adopt a simple model for the chemistry with the goal of illustrating the importance of the residence times to the coupled chemistry-transport problem.
Starting from the mid 1990s, turbulence research has emphasized the importance of coherent mixing-layer eddies for the vertical transport of momentum and trace gases within forest canopies (e.g. Raupach et al. 1996; Finnigan 2000) . The canopy structure (characterized by the leaf area index, L AI , and vertical leaf area density) influences the penetration depth of mixing-layer eddies into the forest canopy. Interactions of eddies with dense forests result in the canopy exhibiting two regions of distinct vertical transport. The upper region of the canopy is constantly flushed by strong and coherent mixing-layer eddies that adhere to a shear length scale and are efficient in transporting air parcels out of the canopy. Deep within canopies, small-scale wake turbulence dominates the trans-port process and as a consequence forests act to shield air parcels from mixing with the airflow aloft. Therefore, scalar transport in canopies is strongly affected by sourcesink distributions (e.g. Coppin et al. 1986; Iwata et al. 2010; Edburg et al. 2012 ) and one expects the export fraction to be strongly dependent on the source distribution as well.
The first studies that attempt to quantify the statistics of residence times and/or export fractions for BVOCs used Lagrangian stochastic models (LSMs) coupled to simple chemical reactions (Strong et al. 2004; Fuentes et al. 2007; Rinne et al. 2007 Rinne et al. , 2012 . Strong et al. (2004) showed distributions of residence times, with the median varying from 20 s to 40 min depending on release height and leaf area distribution (full foliage versus defoliated forests). They concluded, especially for releases deeper into the forest, that there was ample time for chemical reactions to occur. Rinne et al. (2007 Rinne et al. ( , 2012 ) used a very similar LSM with very simple chemical reactions to estimate export fractions from two source heights for different canopies and different atmospheric conditions, also highlighting the importance of the incanopy reactions in the interpretation of fluxes observed above the canopy for highly reactive BVOCs.
More recently, Bailey et al. (2014) used large-eddy simulation (LES) to estimate residence times in a non-homogeneous canopy (organized in row structures). They presented mean residence times as a function of LAI and concluded that residence times for particles released near the canopy top were not significantly affected by changes in LAI while differences were more significant for particles released in the lower canopy. They also observed an approximately linear increase in mean residence times with LAI, and proposed empirical fits with coefficients varying as a function of release location.
Although the Lagrangian framework is preferred in the definition of residence time, the export fraction can be estimated from Eulerian statistics as well. Edburg et al. (2012) used LES with passive scalar concentration fields and estimated the residence time using a canopy resistance analogy, showing a dependence of the bulk residence time on the vertical distribution of the scalar source. Despite this recent progress using LES, a simple theoretical model for estimating residence times is still not available.
In the present study, we develop a new theoretical framework to model the probability distribution function of residence times of air parcels released inside a forest canopy. The starting point of the theory is the Lagrangian framework adopted by Taylor (1922) to study diffusion in a field of homogeneous turbulence, complemented by the solution of the first-passage problem first derived by Schrödinger (1915) and a simple model of the eddy diffusivity within plant canopies. The model includes a simple treatment for firstorder chemical reactions, comparable to previous work in the field (Strong et al. 2004; Fuentes et al. 2007; Rinne et al. 2012) , to provide estimates of canopy export fractions of plant-emitted hydrocarbons. The framework is used to obtain two model solutions (with different levels of detail) that can be used to parametrize export fractions in regional and global atmospheric numerical models that do not resolve turbulent transport within plant canopies. Theoretical predictions for the residence times compare favourably with those obtained from LES for a range of canopy structures (including variations in L AI and vertical leaf area distribution) and turbulence levels under neutral stratification. Model predictions of export fraction as a function of the Damköhler number differ from those obtained from the empirical parametrization developed for the MEGAN model (Guenther et al. 2006 (Guenther et al. , 2012 . 
Definition of the Problem and Modelling Strategy
An idealized model scenario, including a very simple chemical reaction model, is employed here to study the in-canopy residence time of air parcels and their importance for withincanopy chemistry. Consider an air parcel with an initial gas mixing ratio [A] 0 of a generic chemical species, emitted at a height z rel in a forest with canopy height h c as illustrated in Fig. 1 . The air parcel will follow a trajectory and eventually leave the forest after a residence time τ within the canopy. During its journey within the canopy, the gas mixing ratio will be modified by chemical reactions and by turbulent mixing between the air parcel and its surrounding environment. Here it is assumed that [A] undergoes one or more reactions with a chemical lifetime τ chem . Once it leaves the forest for the first time, the air parcel will contain a gas mixing ratio [A] τ , defining an associated export fraction E F = [A] τ /[A] 0 . Distinct air parcels, even when released at the same height, will follow different trajectories, leading to a distribution of residence times and export fractions. Our main goal is to develop a theoretical model to predict the probability distribution function (PDF) of residence times for the air parcels for a given canopy configuration under defined turbulence conditions. A secondary goal is to assess the importance of the characteristics of the PDF on the chemical loss of [A] and estimate its export fraction.
Model for Air-Parcel Residence Time Within Forests
A simple treatment of turbulent transport is required if an analytical model for residence time is to be developed. As frequently done in the development of theoretical models for canopy turbulence (e.g., Katul et al. 2004 ), turbulent transport is represented by an eddy diffusivity K(z). The assumption that turbulent transport within plant canopies can be modelled via eddy diffusivity has been challenged in the literature (Denmead and Bradley 1985; Kaimal and Finnigan 1994) . Here the eddy-diffusivity model is employed and its applicability in the present problem stands or falls based on the comparisons of theoretical model predictions with LES results (which do not rely on this assumption). These comparisons are presented in Sect. 4.4.
If the turbulent transport of air parcels is assumed to be diffusive with a constant eddy diffusivity, K eq , then the time evolution of the PDF of the air-parcel position satisfies a simplified Fokker-Planck equation (Thomson 1987; Rodean 1996) . See Appendix 1 for details. In this context, the PDF of residence times is given by the distribution of first-passage through a plane at height z = h c (i.e., at a distance |h c − z rel | from the release height). For a diffusive process with constant eddy diffusivity, this first-passage distribution is given by (Cox and Miller 1965; Redner 2001 -see "Appendix 1" for more details)
Equation 1 is a simplified form of the inverse-Gaussian or Wald distribution for the special case of zero mean drift and it was first derived by Schrödinger (1915) . In the context of turbulent dispersion within forests, Katul et al. (2005) used a similar approach to model the long distance dispersion of seeds with small settling velocity. Note that Eq. 1 is a model for the PDF of air parcels originating at one specific release height inside the canopy. Therefore, this solution allows for the use of different effective eddy diffusivities for air parcels originating from different release heights. To include in the model as much of the vertical variation of K (z) as possible, we introduce an equivalent eddy diffusivity K eq (z rel ) as a representative value between release height and canopy height. Thus, for Eq. 1 to be applicable, the eddy diffusivity must be a constant for a given release height, but it can be different for different release heights.
For now we assume that Eq. 1 is a reasonable model and explore some of its implications. Note that the model predicts an exponential increase in probability followed by a fat-tailed τ −3/2 power-law decrease, suggesting the existence of a clear mode in the distribution. In addition, a turbulent transport time scale
can be defined based on Eq. 1. The median residence time τ m (z rel ) can be determined from the PDF (Eq. 1) as the time for which the cumulative distribution function is equal to 1/2. Thus
where erf is the error function. Noting that erf(a) = −1/2 when a ≈ −0.477 yields an explicit equation for the median residence time given by
Finally, with the goal of developing simple bulk models that do not require detailed information on the canopy structure, one can also determine a canopy-integrated PDF of residence times by assuming that air parcels are released uniformly at all heights inside the canopy. However, the integration with respect to z rel requires the additional assumption that the eddy diffusivity be constant for the entire canopy so that K eq is not a function of z rel . Even though this is not a very good assumption, it is necessary if an explicit analytical result is to be developed. Therefore, we replace K eq (z rel ) = K const to obtain
It is useful to verify the behaviour of this canopy-integrated PDF in the limit of very large τ . For τ h 2 c /(4K const ), the exponential term in Eq. 5 can be approxi-
, indicating that the canopy-integrated PDF also displays the τ −3/2 power-law decay for large residence times.
To completely specify the solution, a model for the eddy diffusivity K (z) within the canopy is required. We use the expression K (z) = σ 2 w (z)T L (z) derived for the far-field diffusion regime by Taylor (1922) , where σ 2 w is the vertical velocity variance and T L is the Lagrangian integral time scale. Following Raupach (1989) , we adopt a constant integral time scale inside the canopy given by T L /(h c /u * ) = 1/3. For the vertical velocity variance, we adopt a simple model suggested by LES results presented in Sect. 4 and given by
where c 1 is a constant that sets the value of σ w /u * at the canopy top and c 2 (L AI ) sets the curvature of the profile depending on the total leaf area index [the shape of this profile is not too different from the more complex model proposed by Massman and Weil (1999) ]. These two coefficients are determined using LES results in Sect. 4. The resulting eddy-diffusivity model is given by
and to complete the canopy-resolved model given by Eq. 1 and the bulk model given by Eq. 5, the relation between the vertically varying eddy diffusivity Eq. 7 and the equivalent eddy diffusivities K eq (z rel ) and K const must be specified. In the case of K eq (z rel ), Freire et al. (2017) argued that a simple average of K (z) between z rel and h provides an upper bound of the true diffusivity, while a resistance model (i.e., an average of the reciprocal of the diffusivity) provides a lower bound. Here, we use a geometric mean, which yields values in between the two other models, to estimate K eq (z rel ). The generalization of the geometric mean for a continuous function is given by the product integral (Dannon 2011 )
For the constant eddy diffusivity required in the bulk model (Eq. 5), we use an arithmetic mean mostly because the main advantage of the bulk model is to obtain an explicit expression that can be used for parametrization in regional and global models. As will be shown later, this simplification does not compromise the accuracy of the model. Thus, we write
where
One can certainly improve the representation of the eddy diffusivity by selecting more complex models for K (z) (e.g. Massman and Weil 1999; Katul et al. 2004 ), but as will be shown in Sect. 4, the simple model selected here provides good estimates for the quantities of interest.
Model for the Export Fraction of Reacting Scalars
For the sake of analytical tractability, it is assumed here that the loss of [A] is due only to chemical reactions in the forest, and mixing between the air parcel and the environment is neglected. In addition, a pseudo first-order approximation will be used to represent the loss of [A] during the air-parcel trajectory inside the canopy, which is given by
where τ chem is the chemical lifetime of [A] representing the combined result of all the relevant chemical reactions. By further assuming τ chem to be a constant, the solution is
providing an explicit relationship between residence time τ and the export fraction given by
By combining the theoretical model for the distribution of residence times obtained from the first-passage method (Eq. 1) with the pseudo first-order chemical reaction it is possible to formulate a mathematical model for the fraction of [A] leaving the canopy within a period of time t after the gas release. By definition, the export fraction during the period t, denoted E F t (t; z rel ), is given by
and using Eq. 1, the integral above can be evaluated, with the result
Equation 14 reveals the interplay between three relevant time scales involved in this problem: the time since release (t), the chemical time scale τ chem , and the turbulent transport time scale τ turb . In the limit when t → ∞, the equation simplifies to
allowing estimation of the export fraction of [A] for sources located at z = z rel . Note that this solution can be expressed as a function of a Damköhler number that depends on the release height z rel as E F ∞ (z rel ) = exp −2 √ Da(z rel ) . However, it is more useful in practice to use a single Damköhler number defined based on conditions at the top of the canopy given by Da = (h c /u * )/τ chem . The solution above can then be recast in the form
where K * eq (z rel ) is the normalized eddy diffusivity given by
Finally, if the vertical distribution of the source of [A], q [A] (z), within the forest is known, one can obtain the total export fraction E F tot by integrating
Equations 16 and 17 can be integrated numerically with any gas source profile to yield an estimate of the total gas export fraction. As discussed in the previous sub-section, this model relies on a representative constant τ turb (z rel ) (or K eq (z rel )) for each layer. (z) and the eddy diffusivity K (z) are assumed to be independent of height. Because the emission of many BVOCs is temperature as well as light dependent and takes place mostly near the canopy top, a constant emission is assumed between a generic height z = αh c and the canopy top. Thus, a uniform source with strength q [A] 
is assumed, and the integration of Eq. 17 between an arbitrary level αh c and h c yields
is a simplified version of the model given by Eqs. 16 and 17, and only requires information on the concentration of τ chem within the forest, u * , and h c and LAI. The parameter α can be used to adjust the emission profile of [A] by, for example, excluding a trunk space, which may not contribute to emissions. As will be discussed later, in the case of α > 0, it may be more appropriate to use a modified K const defined as the average of K (z) over the range where the emissions occur, which yields
It is important to emphasize that in the present model, K (z), K eq (z rel ), and K const are all eddy diffusivities for fluid parcels, as in the original modelling framework used by Taylor (1922) . Note that in many instances, in particular when simple solutions based on the Reynolds-averaged Navier-Stokes equations are sought, the chemical reactions are lumped in to the eddy-diffusivity model adopted to close the turbulent flux term (e.g., see Hamba 1993) . This approach requires the introduction of a modified eddy diffusivity that is a function of the Damköhler number. LES results presented by Patton et al. (2001) confirm that the eddy diffusivity does depend on Da. Nevertheless, in the present approach the two processes are treated separately in the sense that the Lagrangian particles are transported by turbulence and the loss of the reacting gas due to chemistry is represented by the simple decay model (Eq. 12). Thus, no modifications of the eddy diffusivity are needed.
Model Applicability to Estimate Oxidation of BVOCs
The application of the theoretical model to estimate the oxidation of BVOCs within forest canopies requires a number of assumptions, but it is a useful exercise in the sense that it can provide more physical insight into parametrizations that are, to date, completely empirical. For the case of the rainforest, the dominant oxidants that react with BVOCs include ozone (O 3 ), the hydroxyl radical (OH), and the nitrate radical (NO 3 ), so that the total reactivity could be approximated by
where k χ i and [χ i ] are the reaction rate constants and concentrations for a number of generic oxidants χ i . If these reactions are modelled following the pseudo first-order approach as done in many previous studies (Strong et al. 2004; Fuentes et al. 2007; Jardine et al. 2011; Rinne et al. 2012) , the model presented in the previous sub-section is still applicable if the chemical time scale is now defined as
The most accurate version of the theoretical model requires the numerical integration of Eqs. 16 and 17, while the simplest model is given by Eq. 18 with the modified
For the latter, τ oxi has to be constant and must be defined based on representative mean values of the levels of the three oxidants. This equation can be compared to the empirical parametrization of in-canopy chemical loss developed for the MEGAN model (Guenther et al. 2006) , which is given by
where τ megan is the lifetime of the BVOC above the canopy, β is the fraction of the canopy occupied by leaves (i.e. to exclude trunk space), and λ = 0.3 is an empirical constant (βh c is used here in place of D as in the original formulation to highlight the similarities between the two models). Note that τ megan is equivalent to τ oxi and the same information is present in both models (except for the explicit inclusion of L AI in Eq. 18). These models are compared in Sect. 4.
Large-Eddy Simulations
Given the assumptions about turbulent transport required in the development of the theoretical model for the PDF of residence times inside the canopy, an assessment of its applicability is required. However, due to the Lagrangian nature of the problem, residence times cannot be easily obtained from typical Eulerian-based experimental datasets. Therefore, one needs to rely on LES as the standard against which simple analytical models can be assessed. The approach adopted here consists in first assessing the accuracy of the LES by comparing its results with observational data from the Amazon rainforest and then using the LES to assess the theoretical model. This is accomplished by using the LES turbulent velocity field to drive a Lagrangian particle tracking model, which in turn allows direct calculation of the PDF of residence times as a function of release height.
Observational Dataset for Model Assessment
The (u, v, w) were recorded at a frequency of 20 Hz. Additionally, a separate sonic anemometer was placed at 1.5 m above the ground (z h −1 c = 0.043) in the vicinity of the tower, and all sonic measurements were corrected for transducer shadowing following Horst et al. (2015) .
For comparison with LES results, turbulence statistics were calculated for stationary periods under near-neutral conditions. Stationarity was determined following Foken et al. (2004) using a criterion of 50% deviation on kinematic momentum fluxes. The criterion −0.03 < h c /L < 0.06 was used to characterize near-neutral conditions
is the Obukhov length scale). This interval is three times as large as that proposed by Dupont and Patton (2012) to ensure that a sufficiently large number of 30-min periods (ranging from 163 at z/ h c = 0.52 to 506 at z/ h c = 1.00) per level were available. The friction velocity, u * , was defined based on the kinematic momentum flux for the rotated wind vector at the canopy height (u * = −u w | h c ), T v is the mean virtual air temperature at the canopy height, κ = 0.4 is the von Karman constant, g is the acceleration due to gravity, and w T v | h c is the kinematic virtual heat flux also defined at canopy height. Furthermore, only data for flow directions (u dir ) in the range −90 • < u dir < 90 • relative to the sensor head were used (in order to minimize the influence of flow distortion due to the tower and the sonic anemometer's body). Chamecki et al. (2008 Chamecki et al. ( , 2009 ) and Pan et al. (2014a) describe the LES model used in this study. It uses a pseudo-spectral discretization in the horizontal directions and a secondorder centered finite difference discretization in the vertical direction. Non-linear terms are fully dealiased using the 3/2 rule by padding and increasing the size of the vectors when calculating products (Canuto et al. 2012) . As in all LES approaches, the velocity vector (u) is split into a resolved part (i.e.,ũ) and subgrid-scale contribution for scales smaller than a characteristic grid scale Δ. The subgrid-scale stress tensor is calculated according to a Smagorinsky model using the scale-dependent Lagrangian averaged dynamic approach (Bou-Zeid et al. 2005) . The simulation domain is periodic in both horizontal directions and flat topography is assumed. At the top boundary, no-stress and no-penetration boundary conditions are enforced, and for the bottom boundary condition, a wall model based on the logarithmic law is used. The LES resolves the canopy in the sense that for levels within the forest a drag force representing the effects of vegetation is applied to every grid cell following Shaw and Schumann (1992) . The drag force, d, exerted by the forest canopy on the airflow is parametrized as
Numerical Simulations
where C d is a constant drag coefficient and a(z) is the leaf area density. P is a diagonal tensor that projects the total leaf area density into planes perpendicular to each of the three spatial dimensions (Pan et al. 2014a ). In the absence of direct measurements, we assume a uniform random distribution for leaf orientation, which results in P x = P y = P z = 1/2 (for a sphere, which has uniformly distributed surface normals, the projected area onto any given plane is 1/2 of the total surface area). The leaf area density is assumed to be horizontally homogeneous, and spatial patterns in the forest structure are not represented in the model. The determination of residence times requires tracking of air-parcel trajectories, which are obtained by integrating (Weil et al. 2004 )
where x p,i is the position of the ith air parcel. Here,ũ i is the resolved velocity at the particle location, obtained by linear interpolation of the LES-resolved velocity in the three spatial directions. The subgrid-scale velocity at the air-parcel location u sgs,i is modelled using the Langevin equation as described in Weil et al. (2004) , but using the modifications for compatibility with the Lagrangian-averaged subgrid-scale model introduced by Bailey et al. (2014) . The horizontal periodicity of the domain is extended to the Lagrangian tracking, in the sense that particles travelling across a horizontal boundary are recirculated. The Lagrangian model does not account for deposition of air parcels and the lower surface is assumed to be fully reflective (with elastic collisions). To determine in-canopy air residence times (τ ), each air parcel is tracked until it leaves the canopy and is given a unique τ corresponding to the time between the release of the air parcel and the first time when the height of the parcel exceeds h c . Subsequent movements across the canopy top, which occasionally occur, are not taken into account.
Simulation Set-Up
The Pan et al. 2014a; Pan and Chamecki 2016) . Note that the integral length scales for the horizontal and vertical velocity components in simulations that resolve the entire neutral atmospheric boundary layer (ABL) are smaller than 2h c for z/ h c ≤ 2 (Patton et al. 2016) . For the roughness length (z 0 ) of the lower boundary wall model, we take z 0 = 0.01 m. In all simulations, the velocity field evolves for 1.25 h allowing the turbulence to reach a statistically stationary state. Turbulence statistics are then calculated for the subsequent 1.25 h and the LES is run for an additional 0.5 h for the integration of the Lagrangian model. The LES timestep Δt = 0.01 s to ensure that the Courant-Friedrichs-Lewy condition (e.g., see Peyret and Taylor 2012 ) is satisfied to ensure stability of the explicit time integration scheme throughout the simulation.
The canopy drag coefficient (C d = 0.4) was determined from the divergence of the vertical momentum flux estimated from measurements following Cescatti and Marcolla (2004) . Data for z h −1 c < 0.7 were not used because the divergence of the momentum flux is small in the bottom canopy and the drag force is mostly balanced by mean pressure gradients that were not measured. The value of C d yields an effective drag coefficient C d P x = 0.2, which is in good agreement with the frequently used range of C d P x = 0.1-0.4 for forests (Queck et al. 2011) .
Buoyancy effects are not considered in the LES, as they are not the focus of the study, and due to the limited spatial scale of the simulation, the Coriolis force is considered negligible. Ten LES runs were performed to study the effects of canopy structure, total L AI , and u * on air-parcel residence times. The timestep (δt) of the Lagrangian model was set to δt = 10Δt = 0.1 s, as a compromise between accuracy, computational costs and storage needs. Based on typical vertical velocities in the order of 0.1-1 m s −1 and the vertical resolution of 2 m, such a timestep appears sufficient to avoid rogue trajectories arising from the numerical instability of the subgrid-scale velocity calculation (Yee and Wilson 2007) and it is more restrictive than the criterion δt = 0.04h/u * used by Bailey et al. (2014) . The transport of air parcels (Eq. 23) was numerically integrated with the explicit second-order AdamsBashfort scheme, while the subgrid-scale velocity portion was updated using a combination of implicit and Euler forward time-stepping (Bailey et al. 2014) . Lagrangian particles were released during the first 2000 timesteps (20 s) of the 30-min simulation. During each of those timesteps 1000 particles were released at 10 heights that were spaced at regular intervals between z rel = 0.1 h c and 1 h c , yielding a total of 2×10 6 particles per release level. Particles were released from the central 1000 m × 480 m of the domain (spaced 20 and 24 m apart in x-and y-directions). The PDF of air-parcel residence times converged well below the 2×10 6 particles released per level (data not shown).
The control simulation (CTL) was designed to approximate the canopy structure of the field site. The leaf area distribution from Tóta et al. (2012) , shown in Fig. 2a , is normalized to a total L AI = 6 m 2 m −2 , which corresponds approximately to the value of Marques Filho et al. (2005) . This choice was made because the former was collected from an airborne sensor with high vertical resolution over a larger area, while the latter was measured at the location of the tower. The flow in the LES was driven by an imposed mean pressure gradient force, which in steady-state conditions is balanced by a shear stress at the surface defining a unique value for the friction velocity. We used u * = 0.4 m s −1 as a representative value of daytime conditions based on the daytime median u * = 0.41 m s −1 obtained from the observational dataset. The results of this simulation are compared to field data in Sect. 4.
Additional simulations were performed to assess the sensitivity of the agreement between theoretical model and LES to canopy structures and turbulence conditions ( Table 1 ). The effects of turbulence levels are determined by selecting u * = 0.1 and 0.8 m s −1 (cases u * 1 and u * 8) for low and high turbulence cases. The lower value corresponds to typical early morning or nighttime (≈40th percentile) conditions, while u * = 0.8 m s −1 is an extreme value (97.5th percentile of daytime values) observed mainly during storms. Three idealized canopies were chosen by specifying leaf-area-density profiles using β-distributions to investigate the effects of canopy structure on residence times (see Fig. 2a ). The first case (β13) has its maximum leaf area density at (1/3)h c while the second case (β23) has its maximum leaf area density at (2/3)h c . For both cases, the shape parameter of the β-function was chosen so that the maximum normalized L AI matched the profile of Tóta et al. (2012) . The third idealized leaf area distribution is a bimodal combination (Bim) of the two previous cases, having a greater 
Results and Discussion

LES Results
There is reasonable overall agreement between turbulence statistics from LES and from measurements made at the K34 forest (Fig. 2) . Simulated wind speeds in the upper canopy region are higher than the observed values, likely due to uncertainties in the leaf area density (which is quite low in the uppermost third of the canopy). For the vertical momentum flux, agreement between LES and observations is good. A high percentage of the vertical momentum flux is due to resolved motions, as indicated by the proximity of the dashed and solid lines in Fig. 2c (all other statistics are calculated using only the resolved velocity field). The good agreement for standard deviations of horizontal and vertical velocity fluctuations illustrates that LES reliably reproduces turbulence conditions within the canopy. Despite the fact that the LES underestimates the standard deviations above the forest, the overall agreement is very good. Note that most LES of neutral canopy flows tend to yield σ w /u * ≈ 1 at the canopy top (e.g., Pan et al. 2014a; Patton et al. 2016) , even though experimental data suggest values closer to 1.25 for near-neutral conditions (Finnigan 2000) . As discussed in detail by Pan et al. (2014a) , good agreement between first-and secondorder moments does not guarantee a good representation of higher-order moments or the momentum transport partition into sweeps (w < 0; u > 0) and ejections (w > 0; u < 0). Peak of skewness, Sk u , and the ratio of momentum due to sweeps to momentum due to ejections S 4,0 /S 2,0 are good indicators of the penetration depth of mixing-layer eddies in the upper canopy region (Pan et al. 2014b) . Good agreement between LES results and observations is obtained for both Sk u and S 4,0 /S 2,0 . Furthermore, both Sk u and S 4,0 /S 2,0 reach zero at heights similar to the estimated penetration depth of canopy mixing-layer eddies obtained from the shear length scale S = (∂u/∂z)| h /u(h) (the LES mean velocity profile yields S / h c ≈ 0.52 indicating that the eddies penetrate down to z/ h c ≈ 0.48). It is not clear why Sk u becomes negative in the lower canopy, but this effect is also present in the observations (even though the magnitude of negative Sk u is much smaller in the observations and is consistent with the dominance of ejections over sweeps predicted by LES for this region of the canopy (Fig. 2d) . Momentum fluxes in the lower canopy are very small in magnitude for both the LES and observations, making it difficult to determine reliable values for S 4,0 /S 2,0 . Finally, the skewness of vertical velocity Sk w is also in reasonably good agreement with the observations. The LES misses the peak value at z/ h c = 0.63 and has a smoother variation with height in the lower canopy, though it is not clear why the observations have nearly zero Sk w at z/ h c = 0.2 and 0.39. From this analysis, we conclude that there is overall good agreement between LES and observations, and the mixing-layer eddies do not penetrate below z/ h c ≈ 0.48 as suggested by the shear length scale S . Turbulence statistics within the canopy depend on the characteristics of the forest structure. Figure 3 displays the sensitivity of turbulence profiles to variations in the leaf-area-density profile and total L AI . The main differences in turbulence properties are associated with "top heavy" and "non-top heavy" leaf-area-density distributions. The top heavy distributions reduce the penetration of mixing layer eddies, as illustrated by the ratios of momentum transported by sweeps and ejections (Fig. 3d) . Increasing L AI reduces the penetration of mixing-layer eddies and reduces momentum fluxes and turbulent kinetic energy within the canopy (Fig. 3d) . Interestingly S provides a good estimate for the penetration of mixing- Table 1 for description of runs. Horizontal dashed lines in panels d and h mark the penetration depth of canopy mixing-layer eddies estimated by the shear length scale S Table 2 Fit of σ w /u * using Eq. 9 to values from LES for a constant c 1 = 0.9, and root-mean-square difference between fit and LES (RSMD) layer eddies for all cases except for β 13 , for which it significantly overestimates the depth. Changes in neither the leaf area distribution nor the L AI are capable of reproducing the observed abrupt decreases in wind speeds and turbulence levels between z/ h c = 0.7 and 0.9 (Fig. 3) . Of particular relevance is the response of σ w /u * to changes in canopy structure, which is critical for vertical transport and needs to be parametrized in the theoretical model. To a good approximation, all the profiles in Fig. 3c ,g collapse around σ w /u * ≈0.9 at canopy top and go to zero (by definition) at the ground. These profiles motivate the model for σ w /u * given by Eq. 6. Thus, we set c 1 = 0.9 and fit c 2 (L AI ) by minimizing the root mean square error to capture the effect of L AI in the curvature on the profiles (see Table 2 for values and quality of fit). Note that even though c 2 is a function only of L AI (and not the vertical canopy structure), different values are used for different leaf area density profiles.
The resulting K (z) (Eq. 7) quickly decrease with height inside the canopy (Fig. 4) . Changing the L AI from 3 to 9 causes a maximum reduction of K (z) by approximately 50% at (a) (b) Fig. 4 Normalized modelled eddy-diffusivity profiles for cases with L AI varying from 3 to 9 for a K (z) from Eq. 7 (solid lines) and bulk eddy diffusivity K const from Eq. 9 (dashed lines) and b equivalent eddy diffusivity K eq (z rel ) from Eq. 8
z/ h c = 0.6. In the lower third of the canopy values of K (z) are small. The equivalent eddy diffusivity based on the product integral (Eq. 8) used in the theoretical model is shown for comparison in Fig. 4b . Resulting values are much smaller than the bulk eddy diffusivity K const for release height near the bottom of the canopy, and tend to the local eddy diffusivity at the top of the canopy.
Air-Parcel Residence Times: The Amazon Rainforest Case
Median air-parcel residence times for the CTL simulation increase from less than 1 min for air parcels released at the canopy top to approximately 30 min for air parcels released deep inside the forest (Fig. 5a ). Note that the simulation is 30-min long and that this time period is sufficient for determining the median residence time for all release heights in the CTL simulation, but not for all the particles to move out of the canopy (requiring a truncation for lower levels in Fig. 5a ). From the distribution of residence times, it is immediately apparent that air-parcel residence times are skewed towards larger values and skewness increases in the lower canopy. As a consequence, statistical measures (such as the mean or median) are not enough to characterize the time that is available for reactive gases to undergo chemical reactions within the canopy. Given the large skewness of the distribution, maximum airparcel residence times are likely to approach much larger values than displayed, potentially exceeding the chemical lifetime for BVOCs with higher reactivities (e.g. τ chem < 1 h for the monoterpene myrcene, Fuentes et al. 2000) . The PDF of air-parcel residence times p(τ ) is estimated from the LES results to better characterize the distribution of residence times as a function of release height (Fig. 5c ). All the PDFs estimated from the LES display the power-law behaviour with a slope of approximately −3/2 as predicted by the theoretical model (Eq. 1). The simple theoretical model is capable of reproducing most of the features observed in the LES results (Fig. 5d) . The main difference between the theoretical model and LES results is on the short time end of the PDFs, where the theoretical model tends to overestimate the probability of particles leaving the forest very quickly (Fig. 5b) . This shortcoming of the theoretical model is consistent with the influence of near-field dispersion, which predominantly affects the PDF on short time scales, and cannot be approximated by a diffusion-like process (Taylor 1922) , as assumed in the derivation of the model. In particular, the predominance of sweeps over ejections in the upper canopy (characterized by S 4,0 /S 2,0 in Fig. 2d ) will cause most air parcels to descend deeper into the canopy, increasing their residence time (this is consistent with the observed lowering of the particle-plume centreline near the source in the simulations of Pan et al. (2014a) ). Note that this leads to an underestimation of the median residence time in the upper canopy by the theoretical model (Fig. 2a) . Three levels of approximations are made in the theoretical model: (i) turbulent transport is expresented by an eddy diffusivity, (ii) the eddy diffusivity is parametrized through a simple equation, and (iii) an equivalent constant eddy diffusivity is adopted for each release height. Given these assumptions and the simplicity of the theoretical model, the overall agreement with the PDFs from the LES is satisfactory and is explored further in Sect. 4.4.
Effects of Canopy Structure and Turbulence Levels
Canopy structure strongly influences the residence times by altering the penetration and distribution of sweeps and ejections and the standard deviation of vertical velocity fluctuations inside the canopy. Increases in L AI for simulation L30 to L90 show a consistent trend of increasing residence times caused by the decrease in penetration of mixing layer eddies and TKE inside the forest. Most of the changes occur for L AI varying from 3 to 6, and they become more pronounced for particles released deeper inside the canopy. This is seen as a spreading of the exponential tails in the PDFs between the cases L30 and L90 shown in Fig. 6a , c-note that the exponential increase in the PDFs for different release heights are farther apart for the L90 than they are for the L30 case. This effect is perhaps more clearly observed in the profiles of median residence times shown in Fig. 7b , where, similar to Bailey et al. (2014) , the median time in the upper canopy is barely affected by the changes in L AI while a pronounced increase is observed deeper in the canopy.
The vertical distribution of L AI (i.e., the leaf-area-density profile) affects residence times in a slightly different way. Forests with large leaf area densities in the upper canopy (such as the cases β23 and Bim) have a stronger predominance of sweeps over ejections in the upper canopy (Fig. 3d ) resulting in longer residence times for parcels released in this region (Fig. 7) . Conversely, the deeper penetration of sweeps in forests that have most of the leaf area in the lower canopy displaces air parcels released in the deeper canopy even closer to the ground surface, causing large residence times for releases in this region. Perhaps the main difference between the effects of L AI and canopy structure on residence times is that the latter can affect more strongly residence times in the upper canopy.
Residence times in the deep canopy are progressively reduced as turbulence levels increase (as measured by the value of u * at the canopy top). The main effect of u * is captured by simply scaling residence times by the canopy turnover time scale h c /u * . Thus, a rough approximation is that the effect of turbulence levels in the residence times is given by τ ∝ u −1 * . It is of interest to assess if the theoretical model is capable of capturing these strong effects of canopy structure and turbulence levels on the distribution of residence times. Overall, there is good agreement between the median residence times derived from the theoretical model and the LES (Fig. 8 ) for all cases, highlighting the theoretical model's ability to estimate residence times across a wide range of canopy structures, L AI and turbulence conditions. There is a slight, but systematic, underestimation of the median residence times (on average about 13%, as indicated by the linear fit shown in Fig. 8 ), which is clearly associated with the overestimation of p(τ ) in the short time end of the PDF (i.e. in the portion of the PDF before its mode, which in the theoretical model is dominated by the exponential growth).
The largest errors are typically found for extreme conditions such as releases deep inside a forest with a large L AI . Note that the quality of the fit for parameter c 2 of the theoretical model (Table 2) is considerably worse for variations of canopy structure than for turbulence conditions and L AI . Nevertheless, the predicted median residence times of the theoretical model appear reasonable except for the lowermost level of case β23.
Estimating Export Fractions of BVOCs
Given the reasonable capabilities of the simple theoretical model in capturing the details of the PDF of residence times under a wide range of conditions, it is of interest to compare export fractions of BVOCs predicted by the model with the usual empirical approach used in the MEGAN model. For the sake of generality, we make this comparison in a general framework, in terms of the Damköhler number as defined in Sect. 2.3. However, to make the comparison meaningful, typical model parameters representative of the Amazon forest environment are used. In particular, the canopy is represented by L AI = 6 and h c = 35 m, and c 2 = 0.53 is adopted in the parametrization for the standard deviation of the vertical velocity (corresponding to the CTL case in Table 2 ). The BVOC source is restricted to the upper half of the canopy by setting α = 0.5 and β = (1 − α) = 0.5. Note that βh c is the canopy depth excluding trunk space, which is assumed to be 2/3 for tropical forests in the MEGAN model. Since there was no apparent trunk space at the fieldsite and our calculations of BVOC emissions based on the relationships between leaf temperature, light and emissions (Guenther et al. 1995 (Guenther et al. , 2006 (Guenther et al. , 2012 Fig. 9 , and suggest that conditions in the Amazon forest can span over three orders of magnitude (4 × 10 −3 < Da < 6). Five different model predictions are compared in Fig. 9: 1. Full model -prediction from the full theoretical model obtained by numerically integrating Eq. 17 using Eq. 15 and the eddy-viscosity model given by Eqs. 7 and 8. 2. Bulk model -prediction from the simplified theoretical model given by Eq. 18 with G(L AI , α = 0), which is equivalent to using the constant eddy diffusivity given by Eq. 9. 3. Adjusted bulk model -prediction from the simplified theoretical model given by Eq. 18 with G(L AI, α = 0.5), which is equivalent to using the constant eddy diffusivity given by Eq. 19. 4. MEGAN -prediction from the empirical model used in the MEGAN model and given by Eq. 21. 5. LES estimate -prediction obtained by integrating
is the PDF obtained from the LES results for the CTL case extended beyond 30 min by assuming a continuation of the τ −3/2 decay. For consistency with the other model predictions, only results for release heights z rel > 0.5 h c were used (equivalent to α = 0.5).
In interpreting Fig. 9 , the LES results are considered to be the most reliable estimates as they do not rely on any assumptions about vertical transport within the canopy. When compared to LES results, the performance of the empirical model proposed for the MEGAN model in Guenther et al. (2006) is surprisingly good: the empirical model overestimates export fractions for Da < 1 and overestimates it for Da > 1, but the differences are never much larger than about 10%. The new theoretical model has improved performance over MEGAN for Da < 0.5 (corresponding to the isoprene range for the Amazon), but it significantly overestimates export fractions for Da > 0.5 (corresponding to most of the β-caryophyllene range for the Amazon). This overprediction in export fractions for highly reactive gases is clearly associated with the overestimation of the PDF for shorter residence times, as this region of the PDF becomes increasingly more important in determining the total export fraction for large Da. Comparison between the full model and the two bulk models suggests that the performance of the bulk model is comparable to that of the full modelling approach if the constant eddy diffusivity is determined only based on the region where the source of BVOCs is active (in this case in the range 1/2 ≤ z/ h c ≤ 1). Note that the full model requires two numerical integrations (in Eqs. 8, 17), and not much accuracy in the final export fraction is lost by a replacing this by a simpler analytical bulk model.
The deviation between LES estimates, the MEGAN empirical model, and theoretical models developed here highlight the challenges that arise from representing canopy transport time scales over the entire canopy through a single relationship. It is not possible at this point to indicate which model provides a better representation of the export fractions in the Amazon forest, as it is difficult to quantify export fractions from measurements, and the LES results are accurate in vertical transport but still rely on oversimplified chemistry. Perhaps, more important than the differences between modelling approaches, is the overall result that suggests that the export fraction of BVOCs in the Amazon forest may vary between almost 100% for isoprene under unpolluted and windy conditions and less than 20% for reactive sesquiterpenes under polluted and calm conditions.
As a final note, none of the models discussed here includes the possible effects of air parcels re-entering the canopy and transporting BVOCs back into the canopy. Including these effects greatly increases the complexity of the problem, as the mixing ratios of BVOCs in these air parcels are affected by vertical mixing and chemistry within the ABL. This coupling between the canopy and ABL warrants further research.
Summary and Conclusions
The present study shows that for dense and tall forests it is necessary to include the effect of air-parcel residence time when estimating the out-of-canopy export of plant-emitted and reactive hydrocarbons. Because estimation of residence times requires three-dimensional information of the flow field within the canopy (which cannot be readily obtained from field measurements), canopy-resolving numerical simulations using the LES technique are the most reliable source of information. Air-parcel residence times obtained from LES show strong variability in response to parcel origin within the canopy, leaf-area-density profiles, and turbulence levels. As an example, the modelled median air-parcel residence times within the forest canopy can range from seconds in the forest crown to approximately 30 min in the lower canopy. In the lower forest canopy, the distribution of residence times is strongly skewed towards longer residence times, thus providing ample time for chemical reactions to occur before air parcels leave the forest. While median or mean residence times cannot properly characterize the distribution of canopy air-parcel residence times, they can be used to support the notion that in-canopy chemical reactions are important to consider in the estimation of ecosystem-level BVOC fluxes. Median air-parcel residence times near the forest floor (≈30 min) are comparable to the lifetimes of some forest-emitted hydrocarbons for reactions with O 3 and OH, resulting in reduced BVOC canopy export fractions.
We propose a new theoretical model to predict the probability density function (PDF) of air-parcel residence times within plant canopies based on the Fokker-Planck equation. The PDFs predicted by the model are in very good agreement with those obtained from LES for a range of canopy architectures, except that they overpredict the probability of particles leaving the canopy in very short times. This is consistent with the lack of treatment of nearfield (non-diffusive) processes, but could also be caused by other effects not included in the theory (one clear example being the mean drift associated with large vertical gradients in eddy diffusivity). Overall, the proposed model is valuable in estimating air-parcel residence times, and the main limitations are associated with air parcels that originate from deep inside the canopy. The main predictions (Eqs. 1, 4, 5) require only information on canopy height and a model of the eddy diffusivity inside the canopy. We developed one simple model for the eddy diffusivity here that requires further specification of the friction velocity at canopy top and the use of an empirical parameter to describe the vertical profile of vertical velocity variance inside the canopy. A good model for σ w is needed for reliable prediction of the PDFs of residence times to be possible. Thus, whenever observations data are available, the model for σ w (z) should be adjusted either by fitting a new constant c 2 or by making changes to the functional dependence of σ w on z if needed. Even though only neutral stratification is considered in the present work, non-neutral conditions would require major changes to σ w (z) and T L (z). Therefore, by invoking models for σ w (z) and T L (z) that include effects of atmospheric stability, it might be possible to extend the model to stable and unstable conditions.
Motivated by the need to have a simple method to determine the in-canopy chemical destruction of plant-emitted hydrocarbons, a simple chemical model, assuming first-order chemical kinetics, is included in the theoretical model, yielding predictions of out-ofcanopy export fractions of unreacted hydrocarbons as a function of the Damköhler number. Model predictions for the Amazon forest are compared to those obtained by the empirical parametrization proposed as part of the MEGAN model and results inferred from LES. At the moment, it is not possible to assert which modelling framework is the most reliable. Field observations and/or canopy-resolving LES fully coupled with a more complete chemical mechanism are needed to help elucidate this issue. boundary at that time. Thus, the first-passage distribution for the present scenario is given by p(τ ; z rel ) = − ∂ F(t; z rel ) ∂t z=h c ,t=τ
which is identical to Eq. 1.
